Background: Total body DGAT1 mice have no cardiac phenotype. Results: Cardiomyocyte DGAT1 knock-out mice have increased mortality and accumulation of potentially toxic lipids, which were corrected by intestinal DGAT1 deletion and GLP-1 receptor agonists. Conclusion: Cardiomyocyte DGAT1 deletion produces heart dysfunction and lipid abnormalities. Significance: Lipotoxicity in the heart can be alleviated by changes in intestinal metabolism.
As in most tissues, fatty acids obtained in excess of those oxidized for energy are stored as TG in the heart. TGs are synthesized through the actions of diacylglycerol acyltransferases (DGATs), microsomal enzymes that catalyze the last step in the glycerol phosphate pathway, conversion of DAG to TG (10) . DGAT1 and DGAT2 are genetically distinct; both are expressed in the heart and have overlapping and distinct physiologic functions as genetic deletion of either leads to different phenotypes (11) (12) (13) . DGAT1 knock-out mice fed a high fat diet are protected from diet-induced obesity and exhibit improved insulin resistance (14) . A similar phenotype was noted when these mice were bred onto the Agouti background (15) . Because DGAT1 inhibition reduces obesity, promotes insulin actions, and markedly reduces postprandial lipemia (16) , DGAT1 inhibition might be beneficial in patients with obesity, type 2 diabetes mellitus, or severe hypertriglyceridemia leading to pancreatitis. This led to the development of a number of pharmacologic inhibitors (17) that reduce postprandial plasma TG (18 -21) and decrease diet-induced obesity in rodents (17) . These inhibitors also reduced post-prandial TG in a short term human study (22) . However, DGAT1 inhibition might be expected to lead to accumulation of potentially harmful DAGs in the heart and other tissues.
Humans with severe heart failure have a marked reduction in DGAT1 mRNA levels in the heart, and this reduction in DGAT1 could be the reason for DAG and ceramide accumulation (9) . Accumulation of DAGs and ceramides is associated with cellular and tissue dysfunction including defective insulin signaling (23) , increased apoptosis (24) , and activation of protein kinases (25) . To test whether the lipid abnormalities observed in severe human heart failure were due to changes in DGAT1 expression, we deleted Dgat1 in cardiomyocytes; these mice are denoted hDgat1 Ϫ/Ϫ . Loss of Dgat1 in cardiomyocytes led to cardiomyopathy associated with accumulation of DAG and ceramides. We then performed experiments to correct this toxicity and found that enterocyte-specific deletion of DGAT1 (mice are denoted hiDgat1 Ϫ/Ϫ ) corrected the cardiac dysfunction as did treatment with a long acting glucagon-like peptide 1 (GLP-1) receptor agonist, exenatide. These improvements were associated with reduced lipid uptake and decreased PKC activation in the hearts. Our data show that aberrant lipid metabolism found in human heart failure is a likely cause of further cardiac dysfunction. In addition, we show a possible new approach to treatment of lipotoxic diseases of the heart.
EXPERIMENTAL PROCEDURES
Mice and Diets-Animal protocols were in compliance with accepted standards of animal care and were approved by the Columbia University Institutional Animal Care and Use Committee and Peking University Health Center Animal Unit. Male and female mice were used in experiments unless specifically indicated. Wild-type (WT) C57BL/6J mice were purchased from The Jackson Laboratory. MHC-Cre mice were obtained from Michael Schneider (formerly at Baylor University) (26) , and villin-Cre mice were obtained from The Jackson Laboratory. Dgat1 flox/flox mice were generated as described (27) . hDgat1 Ϫ/Ϫ mice were generated by crossing MHC-Cre mice with Dgat1 flox/flox animals. Heart and intestinal DGAT1 knock-out animals (hiDgat1 Ϫ/Ϫ ) were from the mating of the hDgat1 Ϫ/Ϫ mice with enterocyte-specific Dgat1 Ϫ/Ϫ knock-out mice (16) . Mice were housed in a barrier facility with 12-h light/ 12-h dark cycles and had ad libitum access to chow diet (5053 PicoLab Rodent Diet 20, Purina Mills).
DGAT Activity Assay Protocol-Heart DGAT activity was measured in vitro using membrane fractions isolated from muscle using [ 14 C]palmitoyl-CoA as described previously (28) . Briefly, ventricular heart muscle was homogenized in buffer (20 mM HEPES, pH 7.4, 1 mM CaCl 2 , 1 mM MgCl 2 ), 1 mM dithiothreitol, and a mixture of protease inhibitors containing phenylmethylsulfonyl fluoride, leupeptin, and pepstatin. One-fourth volume of 30% sucrose was added to the sample immediately following homogenization. The homogenization mixture was centrifuged at 1,500 ϫ g for 10 min at 4°C. The supernatant was spun at 150,000 ϫ g for 1 h at 4°C. The membrane pellet was homogenized and resuspended in buffer containing 20 mM HEPES, pH 7.4, 0.25 M sucrose, 1 mM dithiothreitol, and protease inhibitors. Protein concentration was determined using a protein assay reagent kit (Bio-Rad). DGAT1 activity in 10 g of membrane protein was assayed using 200-l reaction mixture containing 100 mM Tris, pH 7.5, 250 mM sucrose, 1 mg/ml bovine serum albumin, 150 mM MgCl 2 , 0.8 mM EDTA, 0.25 mM 1,2-dioleoyl-sn-glycerol, and 25 M [ 14 C]palmitoyl-CoA (0.3 Ci). The reaction was carried out at 37°C for 5 min and stopped by lipid extraction, adding 0.75 ml of chloroform/methanol in a ratio of 2:1. After adding 0.375 ml of 1 mM H 2 SO 4 , 17 mM NaCl, the organic phase was removed and evaporated under a stream of N 2 . Lipids were dissolved in 20 l of hexane and then analyzed by TLC using plates that were developed in hexane/diethyl ether/glacial acetic acid in a ratio of 70:30:1 (v/v). Chromatographic bands containing TG were cut out after iodine staining and quantified by scintillation counting.
Exenatide and DGAT1 Inhibitor Treatment-Five-to 6-monthold male Dgat1 flox/flox mice and hDgat1 Ϫ/Ϫ mice were given saline or 40 g/kg/day synthetic GLP-1 receptor agonist exenatide (Amylin Pharmaceuticals Inc.) injections subcutaneously twice daily for 4 weeks. DGAT1 inhibition studies were performed in 16-week-old male mice by oral gavage with 200 l of vehicle (0.5% hydroxypropyl methylcellulose, 0.1% polysorbate 80) or 5 mg/kg DGAT1 inhibitor (AstraZeneca) upon food removal at 8 am as described (16) . At 8-h postgavage, mice were euthanized, and tissues were collected for lipid measurement and RNA isolation.
Glucose and Fatty Acid Uptake-Sixteen-hour-fasted mice were first injected intravenously with 1 ϫ 10 6 decays/min 2-deoxy-D-[ 3 H]glucose (PerkinElmer Life Sciences). Fifty-five minutes after 2-deoxy-D-[ 3 H]glucose injection, 1 ϫ 10 6 decays/min [ 14 C]oleic acid complexed with 6% BSA was injected. Five minutes after oleic acid injection, blood was collected, and the vasculature was thoroughly perfused with 10 ml of PBS via cardiac puncture. Tissues were then excised, and accumulated radioactivity for [ 3 H]glucose and [ 14 C]oleic acid was measured via liquid scintillation counting. Data are expressed as the percentage of tissue counts/gram of tissue to plasma counts at 30 s (oleic acid) or 5 min (glucose).
Plasma Metabolites-Blood samples were obtained from 6-h-fasted mice. Glucose was measured directly from the tail tip with a glucometer (ONETOUCH Ultra 2, Lifescan, Inc.). Blood was collected from the retro-orbital plexus for the measurement of plasma total cholesterol and TG. Plasma total cholesterol and TG were measured enzymatically using an Infinity kit (Thermo Electron Corp.).
Lipid Measurements-To measure free fatty acid (FFA), TG, DAG, and ceramide, lipids were extracted from left ventricular cardiac muscle with chloroform/methanol/HCl (v/v/v, 2:1: 0.01) (29) . Butylated hydroxytoluene (0.01%) was added in the extraction solution as an antioxidant, and [ 3 H]triolein (0.25 Ci) was used as an internal control for TG recovery. TG and FFA concentrations in lipid extracts were determined enzymatically with colorimetric kits (Sigma-Aldrich). DAG and ceramide levels were measured using a DAG kinase assay method (30) . Basically, lipids from muscle samples were dried under a stream of N 2 , redissolved in 7.5% octyl ␤-D-glucoside containing 5 mM cardiolipin and 1 mM diethylenetriamine pentaacetate in which DAG and ceramide are quantitatively phosphorylated to form 32 P-labeled phosphatidic acid and ceramide 1-phosphate, respectively, which were then quantified. The reaction was carried out at room temperature for 30 min in 100 mM imidazole HCl, 100 mM NaCl, 25 mM MgCl 2 , 2 mM EGTA, pH 6.6, 2 mM DTT, 10 g/100 l DAG kinase (Sigma-Aldrich), 1 mM ATP, and 1 Ci/100 l [␥-32 P]ATP. The reaction was stopped by addition of chloroform/methanol (v/v, 2:1) and 1% HClO 4 , and lipids were extracted and washed twice with 1% HClO 4 . Lipids were resolved by thin layer chromatography (TLC; Partisil K6 adsorption TLC plates, Whatman catalogue no. LK6D); the mobile phase contained chloroform/methanol/ acetic acid (v/v/v, 65:15:5). The bands corresponding to phosphatidic acid and ceramide 1-phosphate were identified with known standards, and silicon was scraped into a scintillation vial for radioactivity measurement. [ 3 H]Triolein bands from the same TLC plates were identified and quantified in the same way and were used as controls for lipid recovery.
Electron Microscopy-Cardiac muscle from left ventricles from 16-h-fasted mice were isolated, fixed with 2.5% glutaraldehyde in 0.1 M Sorenson's buffer, pH 7.2, and treated with 1% OsO 4 also in Sorenson's buffer for 1 h. After dehydration and embedment in Lx-112 (Ladd Research Industries), thin sections (60 nm) were cut using a MT-7000 ultramicrotome, stained with uranyl acetate and lead citrate, and examined under a JEOL JEM-1200 EXII electron microscope. Pictures were taken by an ORCA-HR digital camera (Hamamatsu) and recorded with an Advanced Microscopy Techniques, Corp. Image Capture Engine.
Real Time PCR-Total RNA was isolated using a TRIzol kit from Invitrogen. One to 5 g of RNA was initially treated with DNase I (Invitrogen). The RNA samples were then reverse transcribed using the SuperScript III First-Strand Synthesis System for RT-PCR. Real time amplification was performed using iQ SYBR Green Supermix (Bio-Rad). Primer sequences used for PCR amplification are listed in Table 1 . Analysis was completed using iCycler iQ Real-Time Detection System software (Bio-Rad). Gene expression was normalized to ␤-actin mRNA levels.
Echocardiography-Two-dimensional echocardiography was performed using a high resolution imaging system with a 30-MHz imaging transducer (Vevo 770, VisualSonics) in unconscious mice. Before experiments, the mice were anesthe-tized with 1.5-2% isoflurane and thereafter maintained on 0.2-0.5% isoflurane throughout the experiment. Two-dimensional echocardiographic images were recorded in a digital format. Images were analyzed by a researcher blinded to the murine genotype. Left ventricular end diastolic dimension (LVIDd) and left ventricular end systolic dimension (LVIDs) were measured. The percentage of fractional shortening (FS) was calculated as follows: FS ϭ ((LVIDd Ϫ LVIDs)/LVIDd) ϫ 100.
PKC␣ Activation Western Blotting-Heart tissue (20 -30 mg) was homogenized in lysis buffer containing 20 mM HEPES, pH 7.4, 1 mM CaCl 2 , 1 mM MgCl 2 , 5 mM Na 3 VO 4 , 10 mM NaF, and 1 mM DTT with a mixture of protease inhibitors, and then 1 ⁄ 4 volume of 30% sucrose was added to the samples immediately following homogenization. The mixtures were centrifuged at 1,500 ϫ g for 10 min at 4°C, and then the supernatants were collected and centrifuged at 150,000 ϫ g for 1 h at 4°C. The membrane pellets were homogenized and resuspended in 300 l of buffer containing 20 mM HEPES, pH 7.4, 0.25 M sucrose, 5 mM Na 3 VO 4 , 10 mM NaF, 1 mM DTT, and protease inhibitors. The cytosolic fraction was obtained by concentrating the supernatants by acetone precipitation. 100 g of protein of each sample was resolved by SDS-PAGE and transferred onto PVDF membranes. Immunoblotting was carried out using the primary antibody PKC-␣. Integrin ␤1 and ␤-actin antibodies were used as membrane and cytosol controls (Abcam).
Statistics-All data are presented as mean Ϯ S.D. unless indicated otherwise. Comparisons between two groups were performed using unpaired two-tailed Student's t test; comparisons of more than two groups were performed with one-way analysis of variance with Tukey's multiple comparisons test. Survival rates were analyzed with log rank test. A p value of less than 0.05 was used to determine statistical significance.
RESULTS
Phenotype of Heart-specific DGAT1 Knock-out Mice-Hearts from 3-month-old hDgat1 Ϫ/Ϫ mice with cardiomyocyte-specific DGAT1 deletion had a marked reduction in DGAT1 mRNA (Fig. 1A) . DGAT activity assays demonstrated that conversion of DAG to TG was reduced ϳ 1 ⁄ 3 by loss of DGAT1 in cardiomyocytes, but this was not associated with a decrease in heart TG (Fig. 1B) . DGAT1-deficient hearts had ϳ60% increased levels of total FFAs, 85% increased total DAG, and 95% increased total ceramide (Fig. 1C ). There were no changes 
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in the circulating concentration of FFA, TG, glucose, or total cholesterol ( Table 2 ). Both the number and size of lipid droplets, which accumulate after an overnight fast, did not change in 3-month-old hDgat1 Ϫ/Ϫ mice (Fig. 1D ).
As hDgat1 Ϫ/Ϫ mice aged, they had reduced longevity compared with their control littermates ( Fig. 2A) . Curves for wild-type, Dgat1 flox/flox , and MHC-Cre transgenic mice were superimposable. Heart/body weight ratio was ϳ30% greater in 9-month-old hDgat1 Ϫ/Ϫ mice (Fig. 2B) . Although heart function was normal in young mice, older hDgat1 Ϫ/Ϫ mice had a ϳ30% reduction in FS compared with Dgat1 flox/flox control mice (Fig. 2C) . Cardiac Lipids in hDgat1 Ϫ/Ϫ Hearts-Because total fatty acids and ceramides were increased, we measured individual lipid species with LC/MS. We observed an increase in total ceramides in hearts from hDgat1 Ϫ/Ϫ mice (supplemental Table  1 ), although this increase was somewhat less than that found using the enzymatic method. C16, C18, C20, C20:1, C22:1, and C24:1 ceramides were significantly increased. Fatty acids were increased 75% in hDgat1 Ϫ/Ϫ hearts due to an increase in C18, C18:1, and C18:2 fatty acids. There were no significant differences in other fatty acids or ceramides. In contrast, the only change in acyl-CoAs was a 26% reduction in C18 acyl-CoA.
Gene Expression Changes in hDgat1 Ϫ/Ϫ Hearts-Consistent with the changes in heart function, the heart failure marker brain natriuretic peptide (Bnp) increased 5-fold in hDgat1 Ϫ/Ϫ hearts ( Table 3 ). In hDgat1 Ϫ/Ϫ hearts, mRNA levels of Ppara increased ϳ50%, whereas Pparg decreased ϳ40%; Ppard did OCTOBER 24, 2014 • VOLUME 289 • NUMBER 43 not change significantly. Most genes affecting lipid droplet proteins were unchanged. Of the genes affecting lipid metabolism, mRNA levels of cluster of differentiation 36 (Cd36), a fatty acid transporter, increased ϳ40%. These gene changes are consistent with hearts having normal TG and lipid droplet production and an increase in TG precursors.
DGAT1 and Heart Failure
Intestinal and Heart DGAT1 Deletion-Our results showed that heart-specific deficiency of DGAT1 causes heart failure; these observations differed from those in Dgat1 Ϫ/Ϫ mice that had normal cardiac function (6) . We hypothesized that knockout of DGAT1 in other tissues ameliorated the deleterious effects of cardiomyocyte DGAT1 deficiency. Recently, Lee et al. (33) reported that overexpression of DGAT1 in enterocytes negated the protection from insulin resistance reported in Dgat1 Ϫ/Ϫ mice. Therefore, we tested whether knock-out of DGAT1 in the intestine would have beneficial effects in hDgat1 Ϫ/Ϫ mice. We crossed hDgat1 Ϫ/Ϫ mice with intestinal Dgat1 knock-out (iDgat1 Ϫ/Ϫ ) mice we created and described previously (16) to produce combined heart and intestinal knock-out (hiDgat1 Ϫ/Ϫ ) mice. Intestinal loss of DGAT1 reduces intestinal motility and chylomicron production but leads to no cardiac phenotype (16) . As we hypothesized, the survival rate for these double knock-out mice was improved (Fig. 3A) . The increased heart/body weight ratio found in hDgat1 Ϫ/Ϫ mice was normalized in double knock-out mice (Fig. 3B) , and FS was improved by 40% ( Fig. 3, C and D) . The toxic lipids DAG and ceramide were reduced in the hearts of double knock-out mice (Fig. 3E) .
Enterocyte-specific Dgat1 deletion mice crossed onto the hDgat1 Ϫ/Ϫ background had a number of changes in gene expression ( Fig. 3F ). Compared with hDgat1 Ϫ/Ϫ mice, hiDgat1 Ϫ/Ϫ mice had an ϳ50% reduction in Bnp mRNA and reduced Ppara expression but increased Pparg expression. Cd36 expression was also reduced in hiDgat1 Ϫ/Ϫ mouse hearts. Of note, on average, all PPAR␣ target genes assessed (Plin2, Atgl, Cpt1b, Aox, Pdk4, and Lpl) were decreased.
Treatment of hDgat1 Ϫ/Ϫ Mice with Exenatide-Intestinal knock-out of Dgat1 increases circulating GLP-1 levels (16) . For this reason, we tested whether GLP-1 receptor agonist treatment would also improve the cardiac toxicity found in the hDgat1 Ϫ/Ϫ mice. We treated hDgat1 Ϫ/Ϫ mice twice a day with 40 g/kg subcutaneously injected exenatide for 1-4 weeks. Exenatide treatment of hDgat1 Ϫ/Ϫ mice reduced the elevated cardiac DAG and ceramide levels (Fig. 4A) . FS in exenatidetreated mice was also significantly improved (Fig. 4B, C) . This treatment reduced Bnp, Ppara, and Lpl gene expression at 1 week of treatment and reduced Cd36 gene expression after 4 weeks of treatment (Fig. 4D ), but mRNA levels of genes mediating fatty acid oxidation did not change (other genes are shown in Table 4 ). Total DAG and ceramide levels decreased (Fig. 4E) ; the ceramide reduction was due to lesser C16, C18, C24, and C24:1 ceramides (supplemental Table 2 ).
We then tested whether the toxicity due to cardiomyocyte DGAT1 deletion affected FFA uptake and whether exenatide treatment corrected any abnormalities. hDgat1 Ϫ/Ϫ mouse hearts had greater uptake of FFA than control littermates. Exenatide treatment normalized uptake of labeled oleic acid by the hDgat1 Ϫ/Ϫ hearts (Fig. 5A ) and increased heart uptake of 2-deoxyglucose ( Fig. 5A ). One week of exenatide also decreased serum glucose and FFA concentrations. FFA decreased from 375 Ϯ 101 to 199 Ϯ 79 nmol/ml, TG decreased from 854 Ϯ 286 to 724 Ϯ 317 nmol/ml, and glucose decreased from 7.1 Ϯ 0.5 to 5.8 Ϯ 0.5 mM (all significant p Ͻ 0.5); the cholesterol decrease from 696 Ϯ 217 to 548 Ϯ 184 was not significant (n ϭ 5). Therefore, exenatide likely corrected the abnormalities in toxic lipid accumulation by reducing heart lipid uptake.
PKC Activation and Correction-Alterations in the accumulation of intracellular toxic lipids are likely to affect a number of downstream pathways. In previous work, we showed that cardiac PKCs were activated in hearts from mice with excess lipid accumulation (34) . Membrane association of PKC␣, which indicates activation, was increased 6-fold in hearts from hDgat1 Ϫ/Ϫ mice (Fig. 5B) ; iDgat1 Ϫ/Ϫ hearts were similar to control. This increase was reduced by about half with intestinal Dgat1 deletion or exenatide treatment (Fig. 5, B and C) .
DGAT1 Inhibition-We and others have shown previously that pharmacologic DGAT1 inhibition increases circulating GLP-1 levels in mice (16, 35) . To determine whether this would lead to changes in heart gene expression, a single dose of a pharmacologic DGAT1 inhibitor was given to fasting mice, and hearts were harvested 8 h later. Ppara was modestly decreased. Ppard and Pparg did not change. Ppara target genes Pdk4, Cpt1b, and Lpl were not changed, but Cd36 mRNA levels were reduced 25% (Table 5 ). This acute single dose did not reduce heart TG or FFA.
DISCUSSION
We tested whether reduced DGAT1 expression could be responsible for lipid abnormalities observed in the hearts of humans with severe heart failure. By producing cardiomyocytespecific Dgat1 knock-out mice, we created a lipid phenotype that was the opposite of heart-specific Dgat1 overexpression (5, 7) and reproduced many of the features found in human heart failure, i.e. increased DAG and ceramide levels. These lipid increases were unlike those found in hearts from total body Dgat1 Ϫ/Ϫ mice (14) and from studies using pharmacologic DGAT1 inhibitors (36) . hDgat1 Ϫ/Ϫ mice died prematurely with cardiac hypertrophy and heart failure. The elevated DAG and ceramide levels are the biochemical result that would be predicted upon loss of DGAT1 (37) . Heart failure was documented by reduced FS and increased heart expression of BNP. Although not specifically studied in these mice, cardiac lipotoxicity in a previous mouse model led to sudden death from ventricular fibrillation (38) .
Dgat1 Ϫ/Ϫ mice do not have heart dysfunction (6) . They are resistant to high fat diet-induced insulin resistance and obesity and have extended longevity (14, 39) . Dgat1 Ϫ/Ϫ mice also have increased whole body energy expenditure associated with increased locomotor activity (14, 15, 40) . This beneficial phenotype was initially thought to be due to increased levels of adiponectin (41) ; however, the effects were reversed by enterocyte-specific DGAT1 overexpression (33) . iDgat1 Ϫ/Ϫ mice, like total body Dgat1 Ϫ/Ϫ mice, have delayed gastric emptying, diminished chylomicron secretion, and increased plasma levels of GLP-1 (16) . When we crossed hDgat1 Ϫ/Ϫ mice with iDgat1 Ϫ/Ϫ mice to create hiDgat1 Ϫ/Ϫ mice, heart function and survival improved compared with hDgat1 Ϫ/Ϫ mice. Thus, the OCTOBER 24, 2014 • VOLUME 289 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 29887 deleterious effects of Dgat1 deletion in the heart were reversed by intestinal DGAT1 deficiency. One option for the beneficial actions of intestinal DGAT1 deficiency is that the marked defect in early chylomicron formation shielded the hearts from dietary fat accumulation (16) . Another option is that increased GLP-1 altered heart lipid metabolism. Treatment of hDgat1 Ϫ/Ϫ mice with exenatide reduced Bnp mRNA, evidence that pathological cardiac stress was improved in hDgat1 Ϫ/Ϫ mice. DAG and ceramide were also reduced in exenatide-treated hDgat1 Ϫ/Ϫ mouse hearts. These metabolic changes were associated with an improvement in cardiac function as measured by FS.
DGAT1 and Heart Failure
Examination of gene expression and heart lipid content supported the hypothesis that the heart dysfunction and its amelioration were due to changes in metabolism. Exenatide treatment of hDgat1 Ϫ/Ϫ mice reduced mRNA levels of the lipid uptake genes Cd36 and Lpl. We then showed that the reduction in heart lipids 
was associated with reduced in vivo uptake of fatty acids. Because plasma fatty acid levels were also reduced by exenatide, the tracer kinetic studies alone underestimate the total decrease in heart fatty acid accumulation. It is likely that reduced lipid uptake prevented cardiac toxicity and accounted for the beneficial effects of GLP-1 agonist treatment in obesity-driven cardiomyopathy models (42) . Although GLP-1 receptor agonists improve heart function, it is not likely that defective GLP-1 signaling alone is the cause of lipotoxicity as mice with a cardiomyocyte deletion of the GLP-1 receptor have no heart phenotype (43) . How do these changes in lipid metabolism alter heart function? Many pathways are likely to be activated in the setting of lipotoxicity including those leading to formation of excess reactive oxygen (44), creation of endoplasmic reticulum stress (45), development of apoptosis (45, 46) , and dysfunction of mitochondria (44) . Previous data from our laboratory and others have implicated excess PKC activation as causing heart toxicity (47, 48) . It is well known that DAG and ceramide activate PKCs (37, 49 -51) . In the current experiments, increased PKC␣ activation correlated with DAG and ceramide levels and reduced heart function and its correction. In the heart, chronic PKC activation leads to reduced heart function (52) and is likely to be a contributor to the dysfunction found in hDgat1 Ϫ/Ϫ mice.
Currently there is much debate about the lipid species that are "toxic" (2) . This is especially the case for ceramides. Our observation of increased ceramides in the setting of heart failure provides further evidence linking excessive DAG and ceramides with cardiac lipotoxicity. It should be noted that therapy with long acting GLP-1 receptor agonists has a number of pharmacologic actions that could improve heart function, many of which are exclusive of changes in lipid metabolism. In ex vivo models, GLP-1 treatment reduced ischemia/reperfusion injury (53) , an effect that might be attributed to a shift from fatty acid to glucose oxidation. Increased glucose and reduced fatty acid oxidation reduce ischemic injury presumably due to a reduced requirement for oxygen generation of ATP in the setting of decreased blood flow (54) . GLP-1 receptor agonists mediate these beneficial effects even in mice with a cardiomyocyte knock-out of the GLP-1 receptor (43) . GLP-1 receptor agonists might have off-target effects, or these drugs could affect cells in the heart other than cardiomyocytes. Specifically, they have been shown to improve survival of endothelial cells after ischemic injury (53) .
The heart has both the greatest caloric need and the most robust oxidation of fatty acids. Under pathological conditions such as obesity and type 2 diabetes, cardiac fatty acid uptake and oxidation are not balanced, and hearts accumulate lipids, potentially leading to cardiac lipotoxicity (2) . Severe heart failure associated with a marked reduction in fatty acid oxidation also leads to accumulation of DAG and ceramides (9) . This is associated with a marked decrease in DGAT1 expression. Our mouse studies show that these changes in lipid metabolism alone can alter heart function. Moreover, interventions that reduce cardiac lipid uptake appear to rebalance heart lipid metabolism, reduce PKC activation, and improve heart function. Other conditions such as the heart dysfunction that occurs with metabolic syndrome, type 2 diabetes, and myocardial infarction may also be improved by approaches that prevent abnormal cardiac accumulation of undesirable lipids.
